Owing to the high mobility, narrow bandgap, strong spin-orbit coupling and large g-factor, Sbbased III-V nanowires (NWs) attracted significant interests in high speed electronics, longwavelength photodetectors and quantum superconductivity in the past decade. In this review, we aim to give an integrated summarization about the recent advances in binary as well as ternary Sb-based III-V NWs, starting from the fundamental properties, NWs growth mechanism, typical synthetic methods to their applications in transistors, photodetectors, and Majorana fermions detection. Up to now, famous NWs growth techniques of solid-source chemical vapor deposition (CVD), molecular beam epitaxy, metal organic vapor phase epitaxy and metal organic CVD etc have been adopted and developed for the controllable growth of Sb-based III-V NWs. Several parameters including heating temperature, III/V ratio of source materials, growth temperature, catalyst size and kinds, and growth substrate play important roles on the morphology, position, diameter distribution, growth orientation and crystal phase of Sb-based III-V NWs. Furthermore, we discuss the photoelectrical applications of Sb-based III-V NWs such as field-effecttransistors, tunnel diode, low-power inverter, and infrared detectors etc. Importantly, due to the strongest spin-orbit interaction and giant g-factor among all III-V semiconductors, InSb with the geometry of one-dimension NW is considered as the most promising candidate for the detection of Majorana fermions. In the end, we also summarize the main challenges remaining in the field and put forward some suggestions for the future development of Sb-based III-V NWs.
Introduction
Owing to the intrinsic strong spin-orbit interaction, large g-factor, high carrier mobility, and narrow bandgap, Sb-based III-V semiconductors have been considered as the superior candidates for next generation quantum [1] [2] [3] [4] [5] , electronics [6] [7] [8] [9] and photonics devices [10] [11] [12] [13] . For quantum computing, semiconductors with a geometry of one-dimensional nanowires (1D NWs, 1D NWs are nanostructures, achieved by reducing two-dimensions of the bulk materials to the nanometer scale thick [14] ) are the ideal research platform, because of a topological superconducting region arises in the 1D semiconductor NW when it is brought in contact with a superconducting material, resulting in the expected Majorana fermions on the boundary of the topological and non-topological NW regions [15] [16] [17] [18] . The expected quasi-particles of Majorana fermions, an equal superposition of an electron and a hole, are attractive candidates as building blocks for faulttolerant quantum computation [19] . Among all III-V semiconductors, InSb NWs have the strongest spin-orbit interaction [20] , largest g-factor of 51, highest electron mobility of 77 000 cm 2 V −1 s −1 [21] , smallest electron effective mass of 0.015m e [22] and have attracted increasing research interests as the solid-state host for Majorana zero modes [23] [24] [25] [26] , thanks to the technology development of device fabrication and NWs growth in the past decades.
On the other hand, it is known to all that More's law approaches its limit when the device size down to several nanometer. One of the major problems is the drastic decrease of the carrier mobility due to heavy surface scattering [27] [28] [29] . Compared to n-type building blocks with higher electron mobility of >10 3 cm 2 V −1 s −1 [30] [31] [32] , the surface scattering resulted in a significant reduce of carrier mobility in the p-type building blocks (with lower hole mobility of ∼10 2 cm 2 V −1 s −1 ). In the various proposed resolutions, developing NW field-effect transistors (NWFETs) with high hole mobility channel materials has been one of the optimal choices [33] [34] [35] . With the highest hole mobility of 1000 cm 2 V −1 s −1 among all III-V semiconductors [12, [36] [37] [38] [39] [40] , GaSb NWs has been regarded as the potential substitution of p-type Si in the low-power and high speed FETs [41, 42] . With a diameter around 10 nm, Yang et al demonstrated that the hole mobility of 111 á ñ-oriented GaSb NWs can reach ∼200 cm 2 V −1 s −1 [43] . Also, complementary metal oxide semiconductor (CMOS) inverter based on single GaSb NW has been fabricated successfully by Dey et al [37] .
It is worth noting that, with a narrow bandgap and high carrier mobility, Sb-based III-V semiconductors are the born candidate for high-performance room temperature infrared (IR) detector [7, [11] [12] [13] 44] . Moreover, the 1D NWs nanostructure with the large surface-to-volume ratios and Debye length typically shows superior ability of light absorption, prolonged photocarrier lifetime and shortened transit time during photoelectric processes [45, 46] . Therefore, the 1D semiconductor NWs-based photodetectors facilitate highly integrated and miniature devices, showing the advantages of high responsivity, specific detectivity, fast response, high spectral selection, good flexibility, and low energy consumption [11, 47, 48] . In this case, both InSb and GaSb NWs have been demonstrated in the application of IR detectors in the past few years [12, 49, 50] . Notably, by adjusting the composition of ternary NWs, such as GaAs x Sb 1−x [51] , GaIn x Sb 1−x [52] and InAs x Sb 1−x [53] , their bandgap can be tuned continuously to cover the majority of infrared wavelength range. Furthermore, Ashley et al theoretically predicted that doping a small amount of nitrogen to III-V semiconductors will lead to a large decrease in bandgap and finally extends the response into all IR wavelength ranges [54] .
Controllable growth of high-quality NWs is the key point for achieving the above mentioned Sb-based III-V NWsbased high-performance electronics, photonics and quantum devices [55] . Up to now, both liquid-grown methods and vapor-grown methods are available for the growth of highquality Sb-based III-V NWs. In case of liquid-grown method, the electrochemical deposition process, using anodic alumina membranes as template, has been adopted to fabricate InSb NWs by Yang et al [56] and Khan et al [57] . The as-grown InSb NWs showed uniform NW diameter, smooth surface and stoichiometric ratio of 1:1. However, it was rare to study the optoelectronic application of these liquid-grown InSb NWs, probably resulting from their poor crystallinity. Compared to the liquid-grown method, vapor-grown methods including molecular beam epitaxy (MBE) [58] [59] [60] , metal organic vapor phase epitaxy (MOVPE) [21, 22, 61, 62] , metal organic chemical vapor deposition (MOCVD) [63, 64] and chemical vapor deposition (CVD) [6, 41, 65] , have been adopted commonly to controllable growth of Sb-based III-V semiconductor NWs. Generally, metal particles are used as catalysts for the vapor growth of Sb-based III-V NWs, following two famous growth mechanism of vapor-liquid-solid (VLS) [66, 67] and vapor-solid-solid (VSS) [68, 69] . The growth mechanism, diameter and growth orientation of NWs can be easily controlled by the kinds and size of the selected metal particles catalyst [27, 43, 65, 70] . However, by using the common growth methods of MOVPE, CBE, and MBE, it is difficult to control the diameter of Sb-based III-V NWs on the other III-V semiconductor NWs stems, even if the smallest catalyst particles were used. This is primarily due to the Gibbs-Thomson effect that reduced the Sb supersaturation in the small diameter particle [6, 52, 61] . On the other hand, the surfactant effect of Sb atoms will cause the uncontrolled radial vapor solid (VS) growth of Sb-based III-V NWs and limit the minimum attainable diameter [60] . Fortunately, a surfactant-assisted CVD method has been developed for the controllable growth of thin GaSb NWs by Yang et al [6, 43, 65] . During the NWs growth process, the surfactant of sulfur can passivate the surface Sb atoms to form stable covalent bonds of Sb-S on the NWs surface, preventing the uncontrolled radial VS growth. In this review, we summarize the recent advances in the controllable growth of Sb-based III-V NWs and their applications for electronic building blocks, photodetectors and Majorana fermions detection. Firstly, the fundamental properties and growth mechanism of Sb-based III-V semiconductors with 1D NWs geometry are discussed in detail. Secondly, the controllable growth of highquality binary and ternary Sb-based NWs are exhibited, including liquid-grown methods and vapor-grown methods. Next, based on the advantages of high mobility, narrow bandgap and intrinsic strong spin-orbit interaction, the recent advances of Sb-based III-V NWs in electronic, photonics and Majorana fermions detection are discussed. In the end, the possible challenges and opportunities in the future development of Sb-based III-V NWs-based applications are briefly discussed.
The fundamental properties and growth mechanism of Sb-based III-V NWs
Increasing amounts of research interests have turned to Sbbased III-V semiconductors in the past decade, owing to their highest electron or hole mobility and narrow bandgap among all III-V semiconductors [36, 71, 72] . As shown in figure 1(a) , InSb shows the highest electron mobility of all III-V semiconductors, up to 77 000 cm 2 V −1 s −1 [21] . On the other hand, GaSb shows the highest hole mobility of 1000 cm 2 V −1 s −1 [36] . Figure 1 (b) shows bandgaps and band alignment for the selected III-V binary semiconductors plotted as a function of the cubic lattice constant [47] . With the large lattice constants, InSb, AlSb and GaSb show narrow bandgaps compared to the other III-V semiconductors. With the largest lattice constant of 6.479 Å [73] , InSb has the narrowest bandgap of 0.17 eV [74] . It is worth noting that the intensity of spin-orbital coupling depends on the bandgap of semiconductors [75, 76] . With the narrowest bandgap among all III-V semiconductors, InSb has the strongest intrinsic spin-orbit interaction, making it an ideal channel material for the Majorana fermions detecting devices [1, 3, 4, 77] . Furthermore, the bandgap can be tuned very effectively by the fabrication of ternary alloys with well-controlled composition [7, 8, 51] . The controllable synthesis of ternary alloys with tunable bandgaps would broaden the applications of Sb-based III-V semiconductors in infrared photodetector, light emitting diodes and wavelength shifters etc.
III-V semiconductors with 1D NW geometry appear as one of the optimal candidates for next generation quantum [2, 81, 82] , electronics [83] [84] [85] and photonics devices [86] [87] [88] . Controllable growth of high-quality III-V NWs is the first and key issue for their applications. Both liquid and vapor phase growth methods have been developed for the controllable growth of 1D NWs in the past decades, including electrochemical deposition [89, 90] , MBE [53, 58, 59, 91] , MOCVD [31, [92] [93] [94] [95] and CVD [6, 12, 43, 65, 96, 97] etc. As compared to liquid-grown III-V NWs, vapor-grown III-V NWs show better crystalline and they are more suitable for quantum computing and electronics devices [34, 98] . In the vapor phase growth methods, metal nanoparticles are usually adopted as the catalyst for the growth of III-V NWs. Beside the roles on the diameter and growth direction, the selected metal catalysts also can catalyze the decomposition of precursor materials at the surface, resulting in a relatively high precursor concentration at (near) the nanoparticle's surface [55] . As a result, NWs growth rate will increase, benefiting from the lowered activation barrier. Significantly, the selected metal catalyst can also be doped into the NWs body during the NWs growth process, playing an important role on the electronics property. As shown in figure 1(c), with a small ionization energy, the metal will be easy to be doped into the NWs body [78] . Meanwhile, with a positive ionization energy (close to the conduction band), the metals are likely to lose their electrons, acting as a n-type doping source, otherwise, the metals are the p-type doping sources. Meanwhile, the behaviors of metal are dramatically different when they doped into the NWs body. For example, Au has been considered as a universal catalyst for the growth of 1D nanostructures [55, 99, 100] . However, once Au is doped into Si NWs, it forms fatal defects quickly and deteriorates electrical properties of Si NWs, making it incompatible with CMOS technique [101, 102] . On the other hand, Pd, a CMOS-compatible metal [103, 104] , readily forms palladium silicide (Pd 2 Si) when it is doped into the Si NW, which is a compound commonly employed as an electrical contact of Si devices. In a word, the selected metal catalyst plays important roles on both the NWs controllable growth and the electronic property.
In a typical metal-catalyzed vapor phase growth process, vapor phase precursors are introduced by carrier gas to the metal catalyst nanoparticles [66] . Continuously feeding the precursors leads to supersaturation of catalytic droplets, upon which the semiconductor material starts to nucleate out of the melt and eventually grows into crystalline NWs. The metal catalyst may be liquid state or solid state or liquid-solid coexistence state during the NWs growth process. As displayed in figure 1(d) , when the NWs growth temperature is higher than the eutectic temperature of catalyst alloy, the catalyst alloy is in the liquid state [79] , resulting in the famous growth mechanism of VLS (as shown in figure 1(e) ) [80] . Otherwise, the catalyst alloy remains in the solid-state if the NWs growth temperature is lower than the eutectic temperature of catalyst alloy. In this case, NWs follow a VSS (as shown in figure 1(f) ) growth mechanism [105] . Sometimes, the growth temperature of NWs is close to the eutectic temperature of catalyst alloy, resulting in the liquid-solid coexistence state of catalyst alloy. Both VLS and VSS growth mechanisms contribute to the NWs growth.
Recent advances in the synthesis of Sb-based III-V NWs
Although the growth of Sb-based III-V NWs is more difficult than that of other III-V NWs, both 'top-down' and 'bottomup' approaches have been developed for the controllable growth of high-quality thin Sb-based III-V NWs in the past decade [6, 42, 52, 63, [106] [107] [108] [109] [110] [111] . 'Top-down' approach has been promoted in microelectronic industry. This method always begins with bulk materials, patterned by electron beam lithography or ion beam lithography, followed by etching process, and finally the forming of NWs structure [112] . On the other hand, 'bottom-up' approach defined complex nanostructures by self-assembly processes, using smaller units to create the nanometer-sized features with the desired shapes and dimensions. During the growth process, the properties of NWs can be controlled and tuned accurately. In the past decades, 'bottom-up' approach has become more popular for controllable growth of the expected Sb-based III-V NWs with large material diversity and good control over diameter, stoichiometry and doping. [36] among all III-V semiconductors, GaSb NWs have been considered as the optimal substitution for p-type Si as the building blocks of the next generation small size chips. In the 'top-down' approach, Lin et al developed a new mask-free method to fabricate large area GaSb nanopillar arrays [42] . As shown in figure 2(a) , the partially formed oxide on the surface of GaSb serves as a mask, and the unprotected GaSb substrate will be etched away, resulting in surface nanostructure. Oxide masks remained on top of the GaSb nanopillars will eventually be removed through directional sputter etching and chemical etching. As a result, tapering GaSb NWs with diameters less than 25 nm have been obtained, as shown in figure 2(b) . More attempts should be focused on the diameter decrease and surface roughness control in this kind of 'top-down' approach [113] [114] [115] [116] . Compare to the limit study on 'top-down' approach, the 'bottom-up' approaches growth of Sb-based III-V NWs, including MOVPE [36, 117] , MBE [118, 119] and CVD [6, 120] methods, have advanced significantly in the past decades. In the typical MOVPE or MOCVD method, another type of III-V NWs, such as GaAs or InAs NWs, are grown firstly as the seed stems for GaSb NWs growth, as shown in figures 2(c) and (d) [40, 61] . In this case, the diameter of the as-prepared GaSb NW is not only dependent on the size of the metal catalyst, but also on the diameter of the seed stems. As pointed out by Ek et al, it is difficult to decrease the diameter of GaSb NWs below 30 nm in this seed stem-assisted MOVPE growth method [61] . They explained this size limitation by a Gibbs-Thomson model where the Sb supersaturation in the catalyst particle is significantly reduced in the small diameter particles. Meanwhile, the surfactant effect of Sb atomic would strongly influence the surface or interfacial energy, reduce the migration length of adatoms, resulting in the uncontrolled radial VS growth of Sb-based III-V NWs, and limit the minimum attainable diameter [6] . In a word, it becomes quite challenging to prepare thin and long GaSb NWs in a short period of time by the typical MBE, MOVPE, and MOCVD methods. Indeed, these difficulties also fit for the controllable growth of other kinds of Sb-based III-V NWs.
Beside the seed stem-assisted MOVPE growth method, the simple and low-cost growth method of CVD has also been developed for the controllable growth of GaSb NWs [ 6, 41, 43, 65] . However, the unintentional radial VS growth is always present in the conventional CVD method, resulting in thick GaSb NWs with tapered shape [41, 121, 122] . As shown in figures 3(a)-(c), the diameter of the as-prepared GaSb NWs with a tapering along the NWs body can reach to 219±53 nm. Fortunately, Yang et al firstly introduce a surfactant of sulfur (shown in figure 3(d) ) in the traditional CVD process to passivate the NW growing surface, effectively stabilizing the sidewalls and preventing the unintentional radial VS growth of GaSb NWs [6] . The adopted surfactant of sulfur only contributed to form S-Sb bonds on the as-grown NW surface, without doping into the NWs lattice. As shown in figures 3(e)-(g), by optimizing the experimental conditions such as sulfur mass, source mass, source temperature, growth time and carrier gas flow rate, high-quality, thin and stoichiometric GaSb NWs with uniform diameters as well as minimal surface coatings can be obtained. Moreover, by using different thickness of Au catalyst films in the surfactant-assisted CVD process, the diameters of the as-prepared high-quality GaSb NWs can be controlled in 16-70 nm [65] . Also, the growth orientation and hole mobility of the as-prepared high-quality GaSb NWs are found to be diameter dependent. The obtained thin GaSb NWs (diameter smaller than 40 nm) has the dominate growth orientations of 211 á ñ and 110 , á ñ whereas the thick NWs would grow along the most energy-favorable close-packed planes of 111 á ñ (diameter larger than 40 nm). Importantly, through the effective surface passivation by sulfur, the thick NWs grow along 111 á ñ direction show the peak hole mobility up to 400 cm 2 V −1 s −1 , approaching the theoretical limit under the estimated hole concentration of ∼2.2×10
18 cm −3 [65] . Furthermore, phase-pure 111 á ñ-oriented GaSb NWs with the hole mobility approaching the mobility limit have been prepared successfully by Yang et al, following the VSS growth mechanism [43] . It is worth to pointing out that the CMOS-compatible metal of Pd has been used to replace the CMOS-incompatible metal of Au. By exploiting a contact printing technology, the versatility of these 111 á ñ-oriented NWs can be further illustrated with the configuration of NW parallel-arrayed transistors, showing an impressive hole mobility of 65 cm 2 V −1 s −1 .
InSb NWs.
The low-cost and easy to handle CVD process has also been applied to the controllable growth of high-quality InSb NWs. With a low bonding energy of 1.57 eV, InSb dissociate easily at high temperatures. On the other hand, the largest lattice constant (6.48 Å) of III-V semiconductors imply that defect-free growth of InSb NWs is difficult unless using InSb substrate itself [73] . Moreover, the melting point of In and Sb are very different. Meanwhile, to avoid the formation of the stable In x O y or Sb x O y , the growth environment needs to be extremely pure and completely free of oxide [123] . All of these facts make the stoichiometric growth of high-quality InSb NWs an even more difficult task in the low-cost and easy-handle CVD technology. In the reported CVD technology, various growth parameters including growth temperature, substrate, pressure and catalyst were critical in the morphology and stoichiometry control of InSb NWs [124] . Up to now, both expensive substrates of InSb or Si and cheap substrate of amorphous SiO 2 have been used for the controllable growth of InSb NWs in an Au-catalyzed or In-catalyzed CVD approach [73, 97, 125] . With a lower growth temperature, the asprepared InSb NWs are Sb rich, due to the incongruent InSb sublimation. When the growth temperature increased, the asprepared InSb NWs are In rich, resulting from the reevaporation of Sb from the InSb NWs. A three zone CVD growth technology has been developed to precisely control the temperatures at InSb source and substrate [126] . The typical morphology of InSb NWs prepared by the traditional CVD method can be found in figure 4(a) [120] . On the other hand, Wang et al took use of a well-controlled pulsed-laser ablation technique to grow single-crystalline InSb NWs with precise stoichiometry (as shown in figure 4 (b)) in a single zone CVD system. Using a laser allows one to elevate the source to a temperature higher than the dissociation temperature of InSb, while at the same time maintaining the growth substrate at a temperature lower than the source. Due to the different content of residual oxygen, a higher phonondopant or defect scattering rate was found in a InSb NW from low vacuum growth than the other from high vacuum growth in the pressure dependent study [123] . Interestingly, p-type InSb NWs were also prepared by adding carbon powders in the CVD growth process. The grown NWs are stoichiometric, single-crystalline with a smooth surface and low defect densities as shown in figure 4(c) [97] . In addition, the liquid phase growth of InSb NWs also has been demonstrated by Hnida et al, as shown in figure 4(d) [89] . However, NWs grown by liquid phase growth are easy to be affected by solution environment such as pH value and concentration, leading to agglomeration or twisting. Using a gas source in a very low pressure chamber is a good method to resolve the oxidation and melting points mismatch issue in a stoichiometric growth of InSb NWs. As a result, MOCVD [64] , MBE [111] , chemical beam epitaxy (CBE) [127] etc technologies have been adopted to the controllable growth of InSb NWs. V/III ratio, growth temperature, substrate and catalyst play very important roles on the morphology, growth orientation and crystal phase of InSb by using gas source in a low pressure chamber. As shown in figure 5(a) , by adopting CBE method, InSb NWs with stacking faults grows directly on InSb substrates at a low temperature [128] . By optimizing V/III ration and the growth temperature, they obtained the stacking fault-free, freestanding InSb NWs. However, owing to the thick diameter, the asprepared InSb NWs showed intrinsic bulk-like electrical behavior. Using a thin III-V NW as the growth seed stem is a good way to decrease the diameter of Sb-based III-V NWs in the MOCVD, MBE, and CBE etc methods. With a low lattice mismatch, InAs (lattice mismatch of 6%), InP (lattice mismatch of 9%) or GaSb (lattice mismatch of 6%) have been used as seed stems for the controllable growth of InSb NWs in the past decades [129] [130] [131] . As shown in figure 5(b) , high electron mobility InSb with controlled growth rate, diameter and morphology has been obtained by Plissard et al [22] . In the work, InP-InAs NWs stem is selected for the growth of InSb. The InP facilitates uniform nucleation, and the InAs can reduce the lattice mismatch with InSb. Interestingly, it is shown that the V/III ratio controls the catalyst droplet composition and the radial growth rate, resulting in the morphology evolution of InSb from thin NWs to nanocubes. Generally speaking, InSb NWs grew vertically from the seed stem. However, sometimes, defects will be formed at the initial stage of InSb NWs growth [132] , resulting in an inclined growth of NWs, as shown in figures 5(c), (d) [133] . Both in the vertical and inclined InSb NWs, the catalyst tips play an important role in the control of NWs growth directions. By controlling the catalyst tips, Tand X-shaped InSb nanostructures have been prepared successfully by Plissard et al in a four steps MOVPE process [134] . After the seed stems was prepared, they were annealed in the reactor chamber without precursor and the catalyst droplets falled to the side facets of seed stem. As proved by Borg et al, the catalyst droplets are always parallel to the substrate in the NWs growth process [135] . As a result, as catalyst droplets falled to the side facets of seed stem, InSb NWs with a horizontal direction have been obtained by Plissard et al, as shown in figure 5(e) [134] With an optimal size and density of Au colloids, InSb NWs grow from different seed stems can meet, resulting in T-and X-shaped InSb nanostructures. It has been proposed that these T-and X-shaped InSb nanostructures can make braiding, benefiting in the easy observation of Majorana fermions [19, 136, 137] . However, the yield of the as-prepared T-and X-shaped InSb nanostructures is low, furthermore, a rational designed method has been proposed by Car et al [138] . As shown in figure 5(f), by perfect control of the droplet positioning, crossed junctions over 'bridge' junctions with high-yield have been prepared. To decrease the chance of crossing of three or four NWs in the same array, an improved method of droplet positioning control has been reported by Gazibegovic et al (as shown in figure 5(g) ) [1] . The NWs position and growth direction have been controlled accurately on a platform. First, by using electron beam lithography followed by a reactive ion etch and wet etch, the growth substrate with trenches is fabricated. Next, the catalyst melts are positioned by a second lithography process. With a VLS growth process, InSb NWs are forced to grow towards each other and can fuse into a network. The final size and symmetry of the networks are depended on the dimensions of the trenches and the spacing between them.
Sb-based III-V ternary alloy NWs
Beyond the investigation on binary III-Sb NWs, the studies on the controllable growth of ternary Sb-based III-V NWs attracts extensive attentions in the past decade, benefiting from their tunable bandgaps [139] [140] [141] . Among the as-studied ternary Sb-based III-V NWs, GaAsSb showed a tunable bandgap of 0.726-1.424 eV (871-1708 nm), GaInSb showed a tunable bandgap of 0.17-0.726 eV (1708-7294 nm), and InAsSb showed a tunable bandgap of 0.17-0.354 eV (3503-7294 nm), showing potential applications in optical fiber communication systems, infrared detectors, pollution monitor and laser etc [44, 142] . Controllable growth of the defect-free NWs with full-range tunable bandgap is the key issue in the research of ternary Sb-based III-V NWs, owing to the surfactant effect of Sb, the lattice mismatch between different kinds of binary III-Sb, the lattice mismatch between Sb-based III-V NWs and the substrates. 3.2.1. GaAsSb NWs. Up to now, MOCVD, MOVPE [143] , MBE [144] and CVD [51] technologies have been adopted to the controllable growth of GaAsSb NWs in the past decades. As shown in figures 6(a) and (b), in 2008, Dheeraj et al have prepared GaAsSb NWs on GaAs NWs seed stem in an Auassisted MBE growth process [145] . The used seed stem of GaAs NW is hexagonal wurtzite (WZ) phase, whereas, the asprepared GaAsSb NW is pure zinc blende (ZB) phase. As a common phenomenon in ZB GaAs NWs, the as-prepared ZB GaAsSb NWs exhibited rotational twins, and the twin-free segments are as long as 500 nm. Fortunately, in 2013, Conesa-Boj et al obtained GaAsSb NWs directly on Si (111), with twin-free down to the first bilayer by a gold-free MBE technology [144] . They also point out that V/III ratio is the main parameter controlling successful NW nucleation, diameter, composition, growth rate, shape, and faceting if the temperature is fixed. Furthermore, Ren et al study the origins of Sb-induced effects affecting the morphology and crystal structure of self-catalyzed GaAsSb NW arrays. The increased Sb 2 flux impedes the Ga side facets diffusion, resulting in a decrease of axial growth rate and increase of radial growth rate of GaAsSb NW. As shown in figures 6(c) and (d), the phase transition/stability of the as-prepared GaAsSb NW is dominated by the ratio of Ψ WZ /Δμ, where Ψ WZ is the additional cohesive energy required for the formation of a WZ stacking order, and Δμ is the supersaturation [59] . At the same time, a consistent selfinduced variation of Sb concentration along self-catalyzed GaAsSb NW has been reported by Hub et al [7] . The asstudied GaAsSb NW sidewalls near the base will have endured the longest exposure to As-Sb exchange at the surface, resulting in more outward Sb diffusion and lower Sb concentration near the surface at the NW base as compared to that at the NW top. However, although GaAs and GaSb NWs have been prepared successfully, the full-composition-range growth of GaAs 1−x Sb x has not been realized yet. Up to 2017, Li et al reported the self-catalyzed growth of near fullcomposition-range GaAs 1−x Sb x NWs in a MBE process [8] . Similar to the demonstrated results in the literatures, GaAs 1−x Sb x NWs with low Sb content can be prepared directly on Si substrate or GaAs NWs seed stem. On the other hand, the high Sb content of GaAs 1−x Sb x NWs was prepared on the GaAs NWs seed stem by tuning the As background, as shown in figures 6(e) and (f). Besides MOCVD, MOVPE, and MBE technologies, the low-cost and easy-handle method of CVD was also adopted to controllable growth high-quality GaAsSb NW by Ma et al in 2015 [51] . The as-prepared GaAsSb NWs showed a high Sb content of 74%, and further works should focus on full-composition-range growth of GaAs 1−x Sb x NWs. optical and thermophotovoltaic devices, and high speed terahertz electronics [146, 147] . On the other hand, GaSb and InSb both show the highest hole/electron mobility among all III-V semiconductors, making GaInSb NW an ideal platform for CMOS technology by tuning dopant type or alloy concentrations [148, 149] . However, there is few studies on the controllable growth of high-quality GaInSb NWs in the past decades. In 2012, as shown in figures 7(a)-(c), by an Auseeded MOVPE process, Ghalamestani et al have prepared the defect-free and composition-tunable GaInSb NWs on an InAs/InSb NWs seed stem, for the first time [52] . InAs/InSb NWs seed stems are in favor of uniform nucleation and can help to avoid the simultaneous change in group III and V species. With a thick diameter, the GaInSb NWs show an increased growth rate, which can be attributed to the GibbsThomson effect during the NWs growth process. The asprepared GaInSb NWs are ZB crystal structure, regardless of composition and morphology. On the other hand, the low-cost and easy-handle method of CVD was also developed to controllable growth high-quality GaInSb NW by Ma et al in 2014 [12] . As shown in figures 7(d)-(f), GaSb NWs grew firstly as seed stem in case of the heating GaSb source powder. With the NWs growth, by using an advanced in situ source changing CVD route, source powder of InSb was pushed into the heating zone, and GaInSb NWs started to grew on the as-grown GaSb seed stems. Further works should focus on both the full-composition-range growth of diameter and length controlled GaInSb NWs. Based on the above discussion and table 1, the pros and cons of the different fabrication techniques of Sb-based III-V NWs can be summarized as follows. As a simple growth method, CVD method has been developed as surfactantassisted CVD method and source-moving CVD method in the controllable growth of binary GaSb NWs and ternary GaInSb NWs. At the same time, one can also see that the Sb-based III-V NWs grown by CVD method showed long length, thin diameter and potential applications in FETs and photodetectors. However, there is limited amount of works about the controllable growth of ternary Sb-based III-V NWs by using CVD method. Furthermore, although many progresses have been made in the control of diameter, length, and growth orientation, position-controlled ordered thin Sb-based III-V NWs are still hard to be fabricated by the present CVD methods. On the other hand, it is always popular to grow position-controlled ordered Sb-based III-V NWs on a NW stem or not by MOVPE, MBE, and MOCVD methods. Using a gas source in a very low pressure chamber is a good method to resolve the oxidation and melting points mismatch issue in a stoichiometric growth of Sb-based III-V NWs. However, it becomes difficult to prepare Sb-based III-V NWs with thin diameters and long lengths in a short period of time by these typical MBE, MOVPE, and MOCVD methods. Although InSb NWs has also been fabrication by a liquid growth method of electrodeposition, much more efforts can be focused on their crystalline improvement and potential applications. In case of 'top-down' approach, attempts should be focused on the diameter decrease and surface roughness control on Sb-based III-V NWs.
Applications

Transistors
NWs have been considered as one of the most efficient structures to reduce the short channel effects in the downscaling road of metal oxide-semiconductor FETs, because they can provide a higher gate electrostatic control of the channel compared to the other multi-gate devices [160, 161] . In addition, to achieve high device performance at a relatively low-power consumption, new functional materials, such as high mobility Sb-based III-V semiconductors other than traditional Si are developed so that the working voltage can be reduced while maintaining the on current. Table 2 shows the electrical merits of the as-studied Sb-based III-V NWs, and the typical examples are discussed in detailed as followed. By adopting a surfactant-assisted CVD technique, Yang et al obtain high-quality thin GaSb NWs with the tailorable dimension [65] . As shown in figure 9(a) , the as-prepared GaSb NWFETs show the typical p-type conduction and exhibit record high peak hole mobility of ∼400 cm 2 V −1 s −1 , approaching the theoretical mobility limit under the hole concentration of ∼2.2×10
18 cm 3 . On the other hand, as the equally important binary material, InSb NWFETs have also been studied and exhibited excellent performance. From the transfer characteristics in figure 9(b) , one can find InSb NW channel was fully depleted and device turned off at , respectively [73] . The relatively low electron mobility is a result of the enhanced surface scattering due to the size confinement. Interestingly, by using a carbonassisted CVD method, the as-prepared InSb NWs showed p-type conduction behavior with an I ON /I OFF of 50, hole mobility of ∼140 cm 2 V −1 s −1 and electrically active dopant concentration of ∼7.5×10 17 cm −3 , owing to the success of incorporating and activating carbon dopants in the NW channel [97] . After the study on n-type or p-type NWFETs, it is necessary to demonstrate their potential application in CMOS digital logic. The CMOS inverter, which in its simplest form consisting of one n-and one p-type transistor connected in series, is one of the most fundamental logic gates. Dey et al fabricated the low-power inverter based on single InAs/GaSb NW, as shown in figure 9 (c) [37] . State-ofthe-art on-and off-state characteristics are obtained and the individual long-channel n-and p-type transistors exhibit minimum subthreshold swings of SS=98 mV/dec and SS=400 mV/dec, respectively, at V ds =0.5 V. Inverter characteristics display a full signal swing and maximum gain of 10.5 with a small device-to-device variability. This kind of inverter is a quite interesting structure to be explored in the near future, because it can be considered as the building blocks for the next generation circuits.
On the other hand, as one of the best candidates for switching applications, tunnel field-effect transistors (TFETs) are more likely to obtain a subthreshold swing below the conventional transistors (<60 mV/dec at room temperature), suffering from the poor on-state performance due to a low band-to-band tunneling probability [164] [165] [166] . With a narrow 
Note. CVD means chemical vapor deposition; MBE means molecular beam epitaxy; MOVPE means metal-organic vapor phase epitaxy; M h and M e mean hole mobility and electron mobility respectively.
bandgap, III-V semiconductors stand a good chance to improve the on-state performance. Furthermore, heterostructures with staggered or broken band alignment could further improve the on-state performance [167, 168] . As a result, Borg et al reported an InAs/GaSb NW heterostructure with a thin barrier between the InAs and GaSb segments which is nominally consisting of GaAs [36] . Two-terminal devices show a diode behavior and three-terminal transistor structures with a top-gate positioned at the heterointerface show clear indications of band-to-band tunneling. Meanwhile, based on GaSb-InAsSb heterojunction structure, Ganjipour et al demonstrated Esaki diode characteristics with maximum reverse current of 1750 kA cm −2 at 0.50 V, maximum peak current of 67 kA cm −2 at 0.11 V, and peak-to-valley ratio of 2.1 at room temperature [38] . Figure 9(d) shows the observed temperature-dependent I-V curves of the device. The weak but finite temperature dependence of the reverse current density can partly be explained by a small change in bandgap and band offset with temperature but also by an increased series resistance of the GaSb segment at lower temperatures. Despite many outstanding qualities of TFETs, they are still plagued by defect response and there is a large discrepancy between measured and simulated device performance. Hence, Memisevic et al studied the effects of different types of defects and revealed that the bulk defects have the largest impact on the performance of these devices [9] . As shown in figure 9 (e), they presented highly scaled InAs/InGaAsSb/ GaSb heterostructures NW TFETs, showing competitive performance of subthreshold swing well below the thermal limit of 60 mV/decade at room temperature.
It is also interesting to find that the as-prepared ternary Sb-based III-V NWs can be used for rectifying devices. As shown in figure 9 (f), to understand and control both local variations of the Sb concentration as well as Sb-related point defects introduced during the NW synthesis, Huh et al studied the rectifying behavior in single GaAsSb NW devices, showsing the individual GaAsSb NW devices exhibit excellent and consistent rectifying behaviors in spite of using symmetric and identical contact electrodes [7] . The p-type Sbbased III-V NWs have also been adopted for dealing with the spin decoherence and loss of spin information in electron based quantum spin devices, since the confinement of holes in quantum dots can significantly increase the spin relaxation time. Ganjipour et al demonstrated the fabrication of GaSb based single-hole transistors [40] . They studied the transport properties of GaSb single-hole transistors at 1.5 K and the conductance oscillations showed up at small source-drain bias due to Coulomb blockade.
Photodetectors
With large surface-to-volume ratios and Debye length, 1D NWs photodetectors show several typical advantages of high responsivity, high spectral selection, good flexibility, and low energy consumption, benefiting from the strong light absorbing ability, prolonged photocarrier lifetime and shortened transit time during photoelectric processes [45] [46] [47] 169] . Moreover, due to the small dimensions and good compatibility with semiconductor technology, NWs-based photodetectors facilitate the further development of highly integrated and miniature devices, which are critical for realizing high-performance optoelectronic systems in the future [11] . As shown in figure 10(a) , single GaSb NW photodetectors have been fabricated successfully by Luo et al on both rigid Si/SiO 2 substrate and flexible polyethylene terephthalate substrate, exhibiting high responsivity of 7350 AW under illumination of λ=350 nm and light intensity P=0.2 mW cm −2 [49] . Generally speaking, with a narrow bandgap and high mobility, Sb-based III-V NWs are the excellent candidates for high-performance IR detector with wide detection range, due to their stabilization, lower dielectric constant, lower room temperature self-diffusion coefficient and fairly weak dependence of the band edge on the composition.
Based on the as-prepared InSb NWs (shown in figure 10(b) [44] . For example, the infrared photodetectors based on GaAsSb NWs showed a broadband response in the near-infrared region with a high response peak located in the optical communication region (1.31 μm) , as well as an external quantum efficiency of 1.62×10 5 %, a responsivity of 1.7×10 3 AW −1 and a short response time of 60 ms [51] . On the other hand, owing to the high local electric field for a reverse biased Schottky barrier, photodetectors based on the GaAsSb with self-induced rectifying behavior were obtained by Huh et al They found that the photoresponsivity acquired at reverse bias (−3 V) under an illumination intensity of 20.7 mW cm −2 is around 1463 AW, which is 48 000 times higher than GaAs NW based photodetector and 2500 times higher than GaAs/AlGaAs core-shell NW based photodetector, as shown in figure 10(c) [7] . figure 10(e) ) for shortwave infrared detection [10] . The devices exhibit a leakage current density around 2 mA cm −2 and a 20% cutoff of 2.3 μm at 300 K. This result shows a significantly lower noise arising from the leakage current of NW photodetector as compared to conventional InAs(Sb) detectors, despite being grown on a heavily mismatched substrate. Furthermore, by growing this kind of p-i-n InAs/InAsSb NWs with varying Sb compositions, Svensson et al demonstrated the voltage drop primarily occurs across the intrinsic region of the NW, from where the photo-generated carriers can drift easily into the majority carrier regions [13] . Figure 10 Even though the horizontally laid NWs are still the prevailing structures of the photodetectors, the vertically structured NWs do have serval advantages. First, one might be able to fabricate multi-layer structures in a vertically grown NW using bottom-up appraoches for different types of applications. Second, the vertically grown NWs maybe arranged in a periodical pattern so that different optical modes of photonic crystal can be exploited. Morover, some experimentally reported vertical structured photodetectors have already shown much lower levels of dark current at room temperature (in the order of pA as shown in table 3). Meanwhile, the general device performance cannot compete with the horizontal photodetectors yet (table 3) . Therefore, both the light harvesting ability and carrier transport efficency has to be enahnced for the vertically structured photodetectors in the future.
Majorana Fermions detection
In 2010, Oreg et al and Lutchyn et al theoretically proposed that the Majorana fermions can be detected in the heterostructures of semiconductor NWs and superconductor, by varying the external magnetic field, the superconducting gap, or, most simply, the chemical potential along the NWs [16, 18] . Furthermore, Alicea et al predicted that the nonAbelian anyons of Majorana fermions can be operated in a NWs network to avoid the decoherence stymies in 2011, showing attractive applications in quantum computing [19] . To realize the detection, NWs in the heterostructures must show strong spin-orbit interaction, large g-factor and high electron mobility, hence, InSb NWs are considered as the optimal candidate for the detection of Majorana fermions [170] [171] [172] . As shown in figure 11(a) , in a superconductor (Al) -normal conductor (InSb NW)-superconductor (Al) junction device, the superconductivity was observed by Nilsson et al for the first time, experimentally indicating the successful detection of Majorana fermions [173] .
It is known that the success observation of conductance quantization is a prerequisite for detection of a helical liquid in a NW, indicating the existence of topological phase transition [176, 177] . At non-zero magnetic field, Prof. Kouwenhoven's group observed quantized conductance in a ballistic transport InSb NWs device. As shown in figure 11(b) , the source-drain bias and magnetic field dependent conductance enable extraction of the Landé g-factor and the sub-band spacing [174] . Furthermore, benefiting from the strong spin-orbit interaction of InSb NWs, they realized zero-magnetic-field conductance quantization in 2016 by using hexagonal boron nitride (hBN) as a gate dielectric to improve the NW-metal interface as well as the dielectric environment (shown in figure 11(c) ) [15] . With the development of NWs growth technology, InSb NWs with a tunnel barrier of built-in GaInSb has been prepared by Car et al, improving the visibility of the topological zero bias conductance peaks in the next generation Majorana-detection devices [72] . To further reduce the disorder in the studied hybrid NW devices, superconductor of NbTiN combined with wetting layers were adopted by Professor Kouwenhoven's group to connect with InSb NWs to form a high-quality interface (shown in figure 11(d) ), opening up the possibility to disorder-free Majorana devices [3] . Importantly, in 2017, they observed helical state in a quantum point contacts InSb NWs under a magnetic field perpendicular to the spin-orbit field (shown in figure 11(e) ) [4] . At the same time, a strong spinorbit energy of 6.5 meV was extracted in this work, reducing the requirements on NWs disorder for reaching the topological regime. Generally speaking, the quantized conductance was observed by sweeping the voltage of a single gate, creating a tunable electrostatic potential barrier in the NW.
As shown in figure 11(f) , except for the single gate devices, a three bottom gates device was also used to locally deplete the NW by Saldaña et al, creating a ballistic quantum point contact with only a few conducting channels [175] . As a result, at a large magnetic field, the inter sub-band orbital spacing showed large tunability and the unexpected possibility of robust, ground-state level degeneracies emerges, namely, the first plateau of quantized conductance pattern disappeared, leaving a first conductance step of 2e 2 /h. Also, by adopting the similar multi-gated devices, boundaries of the zero-bias peak phase also can be established by chemical potential and Zeeman energy. In this work, Chen et al also pointed out that this multi-gated device can be used to generate, fuse, and move multiple Majorana bound states, reliably [178] and the NWs were regarded as an alternative to the multi-gated device. For example, crossed InSb NWs with one and two junctions have shown the ability to induce superconductivity as reported by Plissard et al [134] and Fadaly et al [179] . However, the low mobility and yield limited the Majorana fermions detection performance of this kind of crossed InSb NWs network. Fortunately, as demonstrated by Gazibegovic et al in figure 5 (g), InSb NWs position and growth direction have been controlled accurately on a platform and then they can be forced to grow towards each other and can fuse into a network [1] . As shown in figure 11(g) , based on these as-prepared InSb hashtags structure, Periodic Aharonov-Bohm oscillations as well as a weak-antilocalization conductance peak can clearly be seen. It is worth noting that the separated superconducting islands of Al can be in suit epitaxial growth on the InSb NWs network, benefiting in the high-quality of the induced superconducting gap.
Conclusions and outlook
Conclusions
In summary, we reviewed the recent progress of growth technology and bandgap engineering of Sb-based III-V NWs as well as their applications in photo-electronics devices, and quantum superconductivity. As an easy and very controllable technique, the traditional CVD becomes one of the popular techniques for controllable growth of Sb-based III-V NWs and evolves into more advanced forms such as laser-pulsating CVD, surfactant-assisted CVD and source-moving CVD etc. Using a gas source in a very low pressure chamber, technologies including MOVPE, MOCVD, MBE, CBE etc has been considered as good methods to overcome the disadvantage of the easy-oxidation and large melting points difference of source materials in CVD. Anyway, source temperature or V/III ratio, growth temperature, growth substrate and growth catalyst play very important roles on the morphology, growth orientation, crystal phase and crystalline of Sb-based III-V NWs among all of the above mentioned NWs growth methods. With the high mobility and narrow bandgap, representative discussion about Sb-based III-V NW based transistors as well as IR detectors have been reviewed. In the end, progress of InSb NWs in the observation of Majorana fermion is summarized, followed by a discussion about induced superconductivity and conductance quantization at zero magnetic field.
Outlook
Although many efforts have been devoted to controllable growth of Sb-based III-V NWs, there are still some issues need to be addressed. First, even though high-quality thin [174] . Copyright 2012 American Chemical Society. (c) Zero-magnetic-field conductance quantization by using hBN as a gate dielectric to improve the NW-metal interface as well as the dielectric environment. Reprinted with permission from [15] . Copyright 2016 American Chemical Society. (d) By using of superconductor of NbTiN to further reduce the disorder in the studied hybrid NW devices, opening up the possibility to disorder-free Majorana devices. Reproduced from [3] . CC BY 4.0. (e) Helical state was observed as a magnetic field perpendicular to the spin-orbit field, and at the same time, a strong spin-orbit energy of 6.5 meV was extracted. Reproduced from [4] . CC BY 4.0. (f) Multi-bottom gates device was also used to locally deplete the NW, creating a ballistic quantum point contact with only a few conducting channels. Reprinted with permission from [175] . Copyright 2018 American Chemical Society. GaSb NWs have been prepared by a surfactant assisted CVD technology, the controllable growth of other kinds of thin Sbbased III-V NWs by CVD, MBE, MOVPE and MOCVD is still lacking. Position-controlled, ordered, and thin Sb-based III-V NWs are difficult to achieve in the present CVD growth method. At the same time, it is also meaningful to prepare Sbbased III-V NWs with thin diameters and long lengths in a short time by the typical MBE, MOVPE, and MOCVD methods. Second, to extend the bandgap tuning range, one needs to realize the full-composition-range growth of Sbbased III-V NWs. The developed solid source CVD technology can be a good candidate for the full-compositionrange growth of Sb-based III-V NWs. For example, Hou et al have prepared high-quality InGaAs NWs by a developed twostep solid source CVD method [96] . In the reported two-step solid source CVD method, the first nucleation occurs at a higher temperature, reducing the defect density, kinked morphology and surface coating of III-V NWs significantly. At the same time, the composition of the catalyst tips also can be tuned in this two-step solid source CVD approach, resulting in the easy control of NWs growth orientation and crystal defects. Third, it is very difficult to achieve the epitaxial growth of superconducting Al island on the as-prepared Sb-based III-V NWs, owing to the high activity of Al which result in a high oxidation rate and affect the stability of the metal particle. Developing a simple method for epitaxial growth of high-quality superconducting island on the asprepared Sb-based III-V NWs will help to improve the performance of Sb-based III-V NWs-based quantum devices. Fourth, the researches on combining the n-type with p-type Sb-based III-V NWs for CMOS circuit is rare. In the end, the present Sb-based III-V NWs-based photo-electronic and quantum devices mostly used a single NW as the device channel material. In the past decade, III-V NWs array such as GaSb NWs, InAs NWs etc have been prepared by a contact printing method. Develop similar contact printing method for fabricating large scale parallel NWs array will broaden the application of Sb-based III-V NWs in the next generation high-performance integrated photo-electronic and quantum devices.
